The visual detection of specific double-stranded DNA sequences possesses great potential for the development of diagnostics. Zinc finger domains provide a powerful scaffold for creating custom DNA-binding proteins that recognize specific DNA sequences. We previously demonstrated sequenceenabled reassembly of TEM-1 b-lactamase (SEER-LAC), a system consisting of two inactive fragments of b-lactamase each linked to engineered zinc finger proteins (ZFPs). Here the SEER-LAC system was applied to develop ZFP arrays that function as simple devices to identify bacterial double-stranded DNA sequences. The ZFP arrays provided a quantitative assay with a detection limit of 50 fmol of target DNA. The method could distinguish target DNA from non-target DNA within 5 min. The ZFP arrays provided sufficient sensitivity and high specificity to recognize specific DNA sequences. These results suggest that ZFP arrays have the potential to be developed into a simple and rapid point-of-care (POC) diagnostic for the multiplexed detection of pathogens.
INTRODUCTION
Sensitive and specific detection of DNA is of great interest and demand for an increasing number of biomedical studies and applications, including clinical diagnostics. The development of simple, robust and rapid technologies for the detection of pathogens is particularly crucial, considering the high rate of mortality associated with bloodborne infection (1) . The availability of portable devices for the multiplexed detection of pathogens in blood would also be highly significant for disaster management, as well as treatment of patients in resourcelimited settings. For pathogen detection, lab-on-chip technologies are well suited for point-of-care (POC) diagnostics. Incorporating molecular diagnostics on a microfluidic technology would facilitate the development of POC device.
Polymerase chain reaction (PCR)-based methods have been established as quick and sensitive methods for the detection of pathogens, in contrast to laborious culture methods (2, 3) . However, diagnostic situations often require multiplexed pathogen detection (4, 5) . Multiplex PCR can identify several genes in one reaction. On the other hand, DNA microarrays offer the capability to detect a much larger number of pathogens simultaneously. To take advantage of this capability, the combination of PCR with microarray detection has been studied (6) (7) (8) (9) (10) . Most of the detection methods are based on DNA hybridization with single-stranded DNA probes (6, (11) (12) (13) . However, DNA hybridization is time consuming, and duplex formation can be affected by the formation of secondary structures in the probes (6, 12, 13) . In contrast, sequence specific DNA-binding proteins read the sequence information directly from double-stranded DNA, avoiding the need for denaturation and subsequent renaturation with probes under controlled conditions.
A common type of DNA-binding domain is the Cys2-His2 zinc finger, which contains about 30 amino acids (14) . The Cys2-His2 zinc finger domain provides a versatile scaffold to construct customized DNA-binding proteins that specifically recognize virtually any desired DNA sequence (14, 15) . The amino acids of the zinc finger form a bba fold, which is stabilized by hydrophobic interactions and a zinc ion coordinated by the two conserved cysteine and histidine residues. Each finger typically recognizes three to four nucleotides of DNA. Zinc finger domains can be linked into tandem arrays that allow mutifinger proteins to recognize extended DNA sequences. To modify the binding specificity of naturally occurring zinc finger domains, combinatorial mutagenesis and selection methods have been used to generate zinc fingers that could recognize three base pairs of DNA (16) (17) (18) (19) . Using these predefined modules, six zinc finger domains have the theoretical capacity to bind 18 base pairs of contiguous DNA, which would be sufficient to describe a unique site within all known genomes (16, 19, 20) . This modular assembly approach enables the rapid construction of multifinger domains to bind almost any desired DNA sequence (21) . Many engineered zinc finger proteins (ZFPs) show high specificity, with binding affinities in 0.5-50 nM range (18, 20) . Engineered zinc finger domains have been fused to effectors such as transcriptional regulatory domains and nucleases for gene regulation and genome modification (22, 23) .
Previously, we demonstrated a new methodology for the direct detection of specific double-stranded DNA sequences called SEER (sequence-enabled reassembly) (24, 25) . SEER consists of split-protein domains that can reassemble into an active complex only in the presence of a cognate DNA sequence (24) . To construct SEERb-lactamase(LAC), Escherichia coli TEM-1 b-lactamase was dissected into two halves (26) , with each fragment linked to a ZFP (24) . The two split fragments of b-lactamase (LacA and LacB) were reassembled when brought into close proximity upon ZFP binding to target DNA sequences. The activity of the reassembled b-lactamase could be easily measured by the hydrolysis of the substrate nitrocefin that changes from yellow to red when the b-lactam ring is hydrolyzed (26) . The nitrocefin assay enabled the visual detection of a signal generated by the specific binding of the ZFPs to the target DNA. The SEER-LAC system allowed the sensitive detection of a single-base substitution in 18 base pairs of sequence, with a detection limit of 20 nM target DNA (24) .
In this study, we employed a SEER-LAC system to develop ZFP arrays that could detect a double-stranded bacterial DNA sequence. Engineered ZFPs were deposited on a hydrogel-coated surface, creating a simple device to identify target DNA sequences from E. coli. The enzymatic signal amplification of the SEER-LAC system allowed for the rapid and sensitive visual detection of the target DNA. The method could distinguish target DNA from non-target DNA within 5 min, and with high specificity. These results suggest that ZFP arrays can be potentially developed for a simple and portable POC diagnostic for the multiplexed detection of pathogens.
MATERIALS AND METHODS

Construction, expression and purification of rrsA SEER ZFPs
All ZFPs were constructed by the modular assembly method using the Barbas set of modules in a modified Sp1C framework (27) . The DNA coding regions for each ZFP were commercially synthesized by Bio Basic. ZFP(A)s (rrsA27, rrsA125 and rrsA1175) were subcloned between the XmaI and HindIII sites of pMAL-c2X
LacA-Zif268 (24) , replacing the C-terminal Zif268 ZFP. ZFP(B)s (rrsA62, rrsA160 and rrsA1192) were subcloned between the SmaI and AgeI sites of pMAL-c2X PBSII-LacB (24) , replacing the N-terminal PBSII ZFP. The vector enables bacterial expression of the proteins as fusions with an N-terminal maltose binding protein (MBP) as a purification tag. Proteins were expressed in E. coli BL21 (Invitrogen) upon induction with 0.3 mM isopropyl b-D-1-thiogalactopyranoside at an OD 600 of 0.6-0.8 for 5 h at 37 C. Cells were pelleted and resuspended in Zinc Buffer A (ZBA: 100 mM Tris base, 90 mM KCl, 1 mM MgCl 2 and 100 mM ZnCl 2 at pH 7.5) including 5 mM dithiothreitol (DTT) and 50 mg/ml RNase A. After sonication, proteins in cell lysates were applied to an amylose resin column pre-equilibrated with ZBA/5 mM DTT, washed with 2 M NaCl/ZBA and ZBA/1 mM tris(2carboxyethyl)phosphine (TCEP), and eluted in ZBA/ 10 mM Maltose/1 mM TCEP. Concentration and purity were assessed by Coomassi-stained polyacrylamide gel electrophoresis with sodium dodecyl sulfate (SDS-PAGE) using bovine serum albumen (BSA) standards. Purified protein was stored in a ZBA/1 mM TCEP solution at À20 C until use.
Coating glass slides with poly(ethylene glycol) hydrogel
Prior to covering the surface with hydrogel, glass slides were silanized according to the procedure reported by us earlier (28) . The silanization introduced on the surface acrylate groups for covalent linking to the hydrogel. PEG hydrogel films were made using a precursor solution of poly(ethylene glycol) (PEG)-diacrylate (DA) (MW575) with 2% w/v photoinitiator, DMPA. This solution was spun onto silanized glass slides at 1000 rpm for 5 s using a spin-coater (Machine World Inc., Redding, CA, USA). The glass slides coated with a layer of liquid PEG-DA were then exposed to 365 nm, 10-mW/cm2 UV light (Cannon PLA 501, San Jose, CA, USA), cross-linking prepolymer and resulting in a hydrogel coating. Gel-coated glass slides were lyophilized for 24 h in order to ensure rapid absorption of ZFP molecules to the surface.
ZFP array and DNA binding
DNA target oligonucleotides were prepared by heating to 95 C for 10 min, then slowly cooling to room temperature to form hairpins containing a four-thymidine loop. The sequences of hairpin DNA target oligonucleotides are provided in the Supplementary Data. Escherichia coli genomic DNA (E. coli strain B) was purchased from Sigma. The ZFP immobilization/enzymatic reaction area was confined by placing a silicone gasket with a diameter of 6 mm and a well depth of 1 mm (Grace Bio-Labs, Bend OR) on the PEG hydrogel surface before arraying the ZFPs. 5.3 ml of purified MBP-LacA-ZFP(A) at a concentration of 1.6 mM was pipetted onto the PEG hydrogel and incubated for 40 min. About 10 ml of hairpin target DNA solution was added on the ZFP array and incubated for 20 min to allow DNA binding to the ZFP. The slide was washed with ZBA/50 mM KCl and ZBA/0.05% Tween-20, followed by air-drying. About 10 ml of MBP-ZFP(B)-LacB was added on the ZFP array and incubated for 20 min to allow the ZFP to bind the DNA that was complexed with MBP-LacA-ZFP(A). The slide was washed with ZBA/50 mM KCl and ZBA/0.05% Tween-20, followed by air-drying.
Nitrocefin assay
After placing the slide onto a 96-well plate and aligning the arrays with the wells, 20 ml of 1 mM nitrocefin (Calbiochem, San Diego, CA, USA) was added to the ZFP array. Absorbance at 486 nm was monitored with a Cambrex ELX 808 (Bio-TEK Instruments, Winooski, VT, USA). All experiments were repeated in duplicate, and the standard error was calculated from duplicate samples. The slopes shown in Table 2 were defined as the change in signal intensity over incubation time from the linear portion of each plot. Normalized slope values ± standard errors were calculated by dividing each slope by the slope of the substrate-only plot.
Electromobility shift assay
Complementary pairs of 5 0 -biotin labeled forward and 5 0 -poly T reverse oligonucleotides were annealed to obtain double-stranded target DNAs. Electromobility shift assay (EMSA) was performed with the Light Shift Chemiluminescent EMSA Kit (Pierce, Rockford, IL, USA) according to the manufacturer's protocol. The following parameters were used: binding reactions were performed for 1 h at room temperature (22 C) in ZBA containing 150 mM KCl, 5 mM DTT, 10% glycerol, 0.1 mg/ml BSA, 0.05% NP-40, 25-55 pM target DNA and purified ZFPs with a concentration of 0.025-1000 nM. Gel electrophoresis was performed on a 10% native polyacrylamide gel in 0.5 X TBE buffer. After blotting on a nylon membrane, the DNA was cross-linked by a UV cross-linker (Stratagene) for 4 min.
RESULTS
ZFP design and array
The design goal was to construct a simple two-probe complementation assay to detect specific DNA sequences ( Figure 1 ). One sequence-specific ZFP probe [ZFP(A)] would be immobilized on the array surface. Doublestranded DNA fragments and a second ZFP probe [ZFP(B)] would then be applied to the surface sequentially. After a brief incubation, a wash step would remove unbound or weakly-bound molecules. Detection of the binding event would take advantage of the SEER-LAC system (24) . Each probe would carry an inactive fragment of the enzyme TEM-1 b-lactamase, LacA and LacB. LacA-ZFP(A) and ZFP(B)-LacB would be designed to bind to contiguous sites on their target DNA, thus juxtaposing the enzyme fragments upon binding. Enzyme reassembly would only occur when both target sequences were present in the correct spacing and orientation. Enzyme activity would be measured in a final step, using the colorimetric substrate nitrocefin. Nitrocefin is converted from yellow to red (486 nm) upon hydrolysis, producing a signal that is both quantitative and visual. This system therefore provides an isothermic enzymatic amplification of a visual signal that indicates the presence of a specific, user-defined DNA sequence.
As an initial proof of concept, ZFPs were designed to detect a non-pathogenic strain of E. coli. The 16S rDNA sequence (rrsA) is only found in bacteria, and the detection of this sequence could confirm the presence or absence of pathogenic and non-pathogenic bacteria in sterile bodily tissues such as blood (29) . ZFPs were designed so that each pair [ZFP(A) and ZFP(B)] targeted three different locations in rrsA (Supplementary Figure S1 ). Two pairs of six-finger ZFPs (rrsA27/rrsA62 and rrsA125/rrsA160) and one pair of three-finger ZFPs (rrsA1175/rrsA1192) were constructed (Table 1) . LacA was appended at the N-terminus of the ZFP(A)s and LacB at the C-terminus of the ZFP(B)s.
We initially fabricated the ZFP microarrays using a pinspotting method. Immobilization of ZFPs on the array was demonstrated by the fluorescent detection of an antibody to the ZFP (Supplementary Figure S2A) . The ability of the immobilized ZFP to retain its specific DNA binding function was shown using fluorescently-labeled target oligonucleotides (Supplementary Figure S2B ). Using the spotted array format, our initial experiments applying SEER-LAC to detect the E. coli DNA sequences produced the anticipated, visually-detectable color signal in proportion to the concentration of target DNA (Supplementary Figure S3 ). However, we found a dramatic improvement in sensitivity could be achieved by depositing LacA-ZFP(A) within a confined area of a silicone gasket on the PEG gel slide, rather than printing with a microarrayer. Such protein arrays were bigger and denser than conventional pin-spotting microarrays, and allowed for more rapid signal kinetics (Figures 2-4 ). The improved format was used for all subsequent experiments.
Escherichia coli target sequence limit of detection
To test the binding of the engineered ZFPs to their cognate target DNAs and determine the minimum detectable level of DNA by the SEER-LAC system on the slide, target DNA oligonucleotides were applied at various concentrations (5 nM, 0.25 mM and 2.5 mM). b-lactamase activity was assayed using nitrocefin. The ZFP array using the SEER-LAC detection system produced a DNA-dependent response that was linear and quantitative over a range of 5 nM-2.5 mM of target DNA (Figure 2 and Table 2 ). The ZFP pair rrsA27 and rrsA62 was sensitive enough to detect 5 nM of DNA that is equal to $1.4 ng or 50 fmol of oligonucleotide target. A small increase in the signal for no DNA was observed during the incubation. For the other two pairs of ZFPs, the signal for 5 nM of target DNA was similar to the signal for no DNA, indicating a limit of detection >5 nM.
Specificity of ZFP recognition
To examine the DNA binding specificity of the ZFPs, each pair was incubated with its cognate target oligonucleotide and those of the two others. Also included was a target with sites for Zif268 and PBSII as an irrelevant sequence that was not found in the E. coli genome. All the engineered ZFP pairs were able to distinguish their own targets from non-targets ( Figure 3 ). The slope of the signal change over time for the ZFP pair rrsA125 and rrsA160 was higher for the cognate target site 2 than for target site 1, target site 3 and the Zif268/PBSII site by 3.4-, 4.5-and 5.6-fold, respectively ( Table 2 ). The corresponding values for the ZFP pair rrsA27 and rrsA62 were higher for the cognate site 1 than for target site 2, target site 3 and the Zif268/PBSII site by 2.4-, 3.3-and 4.7-fold, respectively. Based on the slopes, the ZFP pair rrsA125 and rrsA160 had the highest specificity among the three rrsA ZFPs.
Target site detection in the presence of genomic DNA
In order to identify pathogenic DNA in a real-world context, a device would need to detect the target sequence in the presence of the rest of the chromosomal DNA. Since any 36-bp site that is not the intended 36-bp target site can be considered non-target, the E. coli chromosome is equivalent to approximately 10 6 copies of non-target sites. All ZFPs have a low-affinity for genomic (i.e. non-specific) DNA, with a large variability in the ratio of specific versus non-specific binding affinity among ZFPs (30) . The abundance of low-affinity genomic DNA might Figure 4 and Table 2 ).
DNA binding affinity of engineered ZFPs
Engineered ZFPs can display a fairly wide range of affinities and specificities for their intended target sites (21, (31) (32) (33) (34) . To examine if the observed sensitivity and specificity behaviors of the ZFP pairs correlated with the affinities of the engineered ZFPs, quantitative equilibrium constants were measured by EMSA (Table 1 and Supplementary Figure S4 ). Because K d -values are highly dependant on the reaction conditions, ZFP LacA-Zif268 was measured as a control and determined to 7.7 nM, consistent with previously published values for Zif268 (16, 18) . Affinities were observed in a range from <0.06 to 290 nM, consistent with values reported for other three and sixfinger ZFPs (16, 31, 32) . Surprisingly, the affinities for ZFP pairs rrsA27 and rrsA62 as well as rrsA1175 and rrsA1192 differed by >1000-fold, while those of rrsA125 and rrsA160 were similar and at the midpoint of the observed range on a log scale. While these values may not allow an easy correlation with the detection characteristics of the ZFP pairs, the data might suggest that alternative strategies can be used to specify the correct target DNA. 
DISCUSSION
In this study, we designed ZFP arrays that could visually detect double-stranded bacterial DNA sequences. Such arrays could be used in the development of a pathogen detection device. The SEER-LAC system was applied to engineered ZFPs deposited on PEG gel slides allowed for the rapid visual detection of the desired target DNA sequence. The SEER-LAC signal was DNA concentration dependent and linear. The limit of detection sensitivity was 5 nM of target DNA, equivalent to 50 fmol of target sites. Target DNA could be distinguished from non-targets within 5 min. The ZFP arrays were, therefore, able to detect specific DNA sequences with high sensitivity and specificity. Several parameters impact the sensitivity of the assay. Immobilization of the ZFPs on the hydrogel as performed here might have limited the ability of some ZFP molecules to fully interrogate the DNA, which could be addressed in future studies by using an orientation-dependent immobilization method. Immobilization might also have reduced the capture of some analytes, since DNAs in the 3D sample solution were required to diffuse to the 2D slide surface. Indeed, we observed that applying ZFPs broadly to the surface instead of pin-spotting produced a stronger detection signal per unit time. In principle, having the ZFPs in solution may have captured more analytes. However, immobilization on the slide provided several advantages over our previous solution-based detection methods (24, 25, 35) . It allowed us to remove low-affinity interactions by washing that could not be performed in a solution assay. It also enabled an eventual multiplexed array format that could be used to detect multiple sequences for a large number of potential pathogens. We therefore believe that immobilization provides a superior platform for the subsequent development of a POC detection device.
Another parameter affecting the sensitivity and specificity of the assay is the affinity and specificity of the ZFPs. Our results here and reported previously also demonstrate that the utility of this assay will depend heavily on the properties of the engineered ZFPs. We previously reported an example in which a single base substitution at one ZFP binding site could reduce the SEER-LAC detection signal to background levels, while a similar substitution at the other ZFP binding site reduced the signal only 30% (24) . In the current study, all the rrsA ZFP pairs provided a detection signal for the target DNA that was 3-6-fold stronger than for an irrelevant non-target DNA ( Table 2 ). The rssA27/rssA62 pair displayed the highest sensitivity and the rssA125/rrsA160 pair displayed slightly better specificity, but the reasons are not obvious from the affinity data (Table 1) . Six zinc fingers did not provide markedly better sensitivity or specificity than three zinc fingers in this study. Some pairs differed in affinity by >1000-fold. These results suggest that the fortuitous combination of high-and low-affinity proteins was able to produce a similar net effect as having two moderateaffinity proteins. Interestingly, the highest affinity member of each pair happened to be the ZFP immobilized on the array (rrsA27, rrsA125 and rrsA1175). Conceivably, the higher affinity ZFP may have retained a DNA on the slide surface for a relatively long period, during which the lower affinity (but high initial concentration) ZFP could sample the bound molecules. It might be interesting to examine a situation in which these roles were reversed. It is also not clear if the combination of two very high-affinity ZFPs would result in improved assay sensitivity, and if this would come at the expense of assay specificity. Our results warrant more studies of these important parameters.
We also evaluated the capability of our system to recognize specific DNA sequences in the presence of a complex genome. The system was still able to detect the target DNA over background in the presence of an equal or greater mass of non-target DNA, though the detection signal was reduced. Further improvements in system performance will likely be required to apply this system in an actual pathogen detection scenario, in which detection of the target DNA would need to occur in the presence of an equimolar concentration of the millions of non-target sites on the chromosome. It is possible that other ZFP pairs, or the further evolution of these pairs (34, (36) (37) (38) (39) , might present proteins with more optimal affinity and specificity characteristics for this assay. For example, having both proteins possess subnanomolar affinity for their target sites might allow for more stringent washing and thus reduce non-specific interactions with non-target chromosomal DNA. Genome-wide in vivo binding assays have shown that natural mammalian ZFPs display distinct, although somewhat degenerate, binding site preferences in the context of billions of non-target sites (40, 41) . These observations suggest that a more extensive optimization of engineered ZFPs and in vitro binding conditions could produce performance characteristic sufficient to detect specific pathogen DNAs in the presence of millions of non-target sites. The recently described TAL effector DNA binding domains might also have characteristics favorable for this purpose (42, 43) . Furthermore, the detection method used in this study was the SEER-LAC system that relies on enzyme reassembly to detect target DNAs. An alternative 'sandwich' type assay, in which a full-length enzyme such as alkaline phosphatase or b-lactamse is linked to the second probe, could also be investigated.
POC applications are becoming increasingly important in health care (1) . POC devices require an unambiguous and rapid readout, and should be suitable for use by an untrained person (1). Our ZFP array could address several of these requirements. In principle, engineered zinc finger or TAL effector probes could be designed to detect any desired pathogen-specific DNA sequences. Multiple probes could be arrayed for the multiplexed detection of pathogens. The array provides the simple readout of a color change within 5 min. In addition, the method does not require DNA labeling, hybridization or specialized detection instrumentation (6, 7, 11, 44, 45) . This combination of features suggests that ZFP arrays have a great potential to be developed into POC devices.
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